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Nebulin is about 800kDa ﬁlamentous protein that binds the entire thin ﬁlament of vertebrate skeletal muscle sarcomeres. Nebulin
cannot be isolated from muscle except in a completely denatured form by direct solubilization of myoﬁbrils with SDS because
nebulin is hardly soluble under salt conditions. In the present study, nebulin was solubilized by a salt solution containing 1M
urea and puriﬁed by DEAE-Toyopearl column chromatography via 4M urea elution. Rotary-shadowed images of nebulin showed
entangled knit-like particles, about 20nm in diameter. The puriﬁed nebulin bound to actin ﬁlaments to form loose bundles.
Nebulin was conﬁrmed to bind actin, α-actinin, β-actinin, and tropomodulin, but not troponin or tropomyosin. The data shows
that full-length nebulin can be also obtained in a functional and presumably native form, veriﬁed by data from experiments using
recombinant subfragments.
1.Introduction
Single molecules of nebulin (the precise molecular weight
expressed in a certain tissue depends on the respective splice
isoform; for a 773kDa species, see [1]) associate along
the entire length of the thin ﬁlament of vertebrate skeletal
muscle. Therefore, nebulin is thought to be a molecular ruler
for determining length of ∼1μm[ 2–4]. To ascertain such
potential of nebulin, its eﬀecton the length of actin ﬁlaments
should be examined in vitro. However, nebulin has not been
successfully isolated from skeletal muscle due to diﬃculties
in solubilization under salt conditions, although isolation of
a completely denatured nebulin has been achieved by gel
ﬁltration of SDS-solubilized myoﬁbrils [5].
Complete sequencing of human nebulin by Labeit and
Kolmerer showed that a large portion (97%) of nebulin
comprises 185 repeats of approximately 35 amino acids with
a central consensus sequence of SDXXYK [1].
In the sarcomere, the N-terminal region of nebulin
localizes at the pointed end of the thin ﬁlaments, central
region along the thin ﬁlaments, and C-terminal region in
the Z-line [2]. Each nebulin repeat (SDXXYK) can bind to
actin [6–8], while nebulin repeats 1–3 bind to tropomodulin
[9], 163–170 bind to desmin [10], 185–SH3 domain bind to
connectin (also called titin) [11], and the SH3 domain binds
to myopalladin [12]a n dβ-actinin (also called CapZ) [11].
In 2009, Yadavalli et al. reported that they extracted
full-length nebulin from rabbit longissimus dorsi muscle
using 0.45% sodium deoxycholate (DOC), and then puriﬁed
it with an NaCl gradient in the presence of 0.45% DOC.
However, the detailed preparation method has not been
published yet [13].
In the present study, we describe the puriﬁcation of
nebulin from rabbit skeletal muscle. For solubilization, 1M
urea was required, and during puriﬁcation, 4M urea were
employed. Using these conditions, a puriﬁcation procedure
for nebulin was developed. The puriﬁed nebulin was con-
ﬁrmed to bind actin ﬁlaments and to form loose bundles,
and therefore was able to adopt a folded state.
2.MaterialsandMethods
2.1. Protein Preparations. Actin was prepared from an ace-
tone powder of rabbit skeletal muscle by the method of2 Journal of Biomedicine and Biotechnology
Spudich and Watt [14] and further puriﬁed by gel ﬁltration
throughaSephadexG-150columnequilibratedwith0.2mM
ATP, 0.1 mM CaCl2, 0.01% NaN3, and 2mM Tris/HCl,
pH 8.0. β-Actinin was puriﬁed from rabbit skeletal muscle
as reported by Maruyama et al. [15], and α-actinin was
prepared from rabbit skeletal muscle by the method of
Goll et al. [16]. Tropomodulin was isolated from rabbit
skeletal muscle as described previously [17]. Tropomyosin
was extracted from actin-extracted acetone powder of rabbit
skeletal muscle and puriﬁed according to Woods [18], and
troponin was prepared from rabbit skeletal muscle using
the method described by Ebashi et al. [19]. The purity
of the binding partners (actin, tropomyosin, troponin,
tropomodulin, and β-actinin) was described in Figure 1 of
the tropomodulin paper in 1999 [17], and the purity of α-
actinin was described at lane 2 in Figure 6 of the amphioxus
nebulin paper in 2009 [20].
2.2. SDS-Polyacrylamide Gel Electrophoresis (PAGE) and
Immunoblotting. Isolated protein samples were resolved by
SDS-PAGE using 2–15% gradient polyacrylamide gels, and
then transferred to nitrocellulose membranes. Membranes
were treated with primary antibodies followed by secondary
horseradish-labeled antibodies (Dako). Polyclonal antibod-
ies to nebulin (PcNeb) [21], actin (A2066, Sigma-Aldrich),
and connectin (Pc1200) [22] and the monoclonal antibody
to connectin (Mc3B9) [23]w e r eu s e d .
2.3. Electron Microscopy. Negative staining was examined
using 2% uranylacetate with the JEOL JEM-100S electron
microscope.
2.3.1. Rotary-Shadowed Electron Microscopy. A puriﬁed neb-
ulin solution in 50% glycerol was dropped onto a mica
plate. In the case of centrifuging, the mica-taped rotor was
centrifuged for 25s at 12,000 × g as previouly reported [24–
26]. The sample was rotary-shadowed at 7.5
◦ with platinum-
carbon, followed by carbon on the uncooled specimen
stage of a JEOL JFD-9000 freeze fracture apparatus. The
resulting specimen was observed under a JEOL 100S electron
microscope.
2.4. Binding Tests by Cosedimentation. Nebulin from modi-
ﬁed puriﬁcation was dialyzed against 0.18M KPO4 (pH 7.0),
0.1mM MgCl2, 0.1mM EGTA, and 0.5M urea overnight
and then centrifuged for 30 minutes at 56,000 × g. The
supernatant of nebulin was mixed with G-actin in 0.11M
KPO4,0 . 2 7 m MA T P ,0 . 1 m MM g C l 2, and 0.31M urea,
pH 7.0 at 4◦C for 20 hours. The mixture was centrifuged
(6,000×g,4◦C,30min),andthesupernatantandpelletwere
diluted with SDS sample buﬀer and subjected to SDS-PAGE.
2.5. Binding Tests by Far Western Blotting. Proteins (0.2μg)
adsorbed onto a nitrocellulose membrane were ﬁrst blocked
with 0.2% gelatin in Tris-buﬀered saline and then incubated
in nebulin solution (0.18M KPO4 (pH 7.0), 0.1mM MgCl2,
0.1mM EGTA, and 0.5M urea) (15μg/ml) for 20 hours
at 4◦C. After washing, the membrane was treated with
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Figure 1: Puriﬁcation of nebulin from rabbit skeletal muscle by
DEAE-Toyopearl column chromatography. A muscle extract in
0.18MKPO4 (pH7.0),0.2mMATP,0.1mMMgCl2,0.1mMEGTA,
and 1M urea was loaded to DEAE-Toyopearl column and linear
urea gradient up to 4M was applied. (A) SDS-PAGE patterns of
each fraction of (B), (B) Elution pattern. a, applied sample; b, ﬂow-
through fraction; c–e, eluted fraction; f, overnight fraction with
4M urea; HyAp, puriﬁed nebulin using hydroxylapatite column
chromatography.
antinebulin polyclonal antibody [21] followed by secondary
horseradish-labeled antibodies (Dako).
3. Results
3.1. Isolation of Nebulin from Rabbit Skeletal Muscle. Pre-
liminary trials to solubilize nebulin from rabbit skeletal
myoﬁbrils proved unsuccessful under conventional salt con-
ditions. However, with the addition of 1M urea, a solution
containing 0.18M KPO4 (pH 7.0) and 0.1mM EGTA could
solubilize nebulin together with myosin, actin, and other
muscle proteins. Puriﬁcation by DEAE-Toyopearl column
chromatography yielded a fraction containing nebulin and
actin. However, it was very diﬃcult to separate the two
proteins. Thus, we modiﬁed the procedure to prevent actin
from denaturation.
Rabbit skeletal muscle (approximately 120g) was brieﬂy
homogenized in 1L of 50mMKCl solution containing
1mMN aHCO 3 and 1mM EGTA and then sedimented by
centrifugation for 6 minutes at 5,000 × g, and all procedures
w e r ec a r r i e do u ta t4 ◦C. The precipitate was suspended in
the same solution and recentrifuged. This procedure was
repeated four times. After washing with 5mM NaHCO3, the
pellet was extracted with 1L of 0.2M N aPO 4 (pH 7.0) to
remove connectin and then with 0.3M KCl-0.15M KPO4
(pH 7.0) to remove myosin. The pellet was washed three
times with cold 0.1mM MgCl2, and the swollen precipitateJournal of Biomedicine and Biotechnology 3
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Figure 2: Immunoblot detection of puriﬁed nebulin. (a) SDS
extractofwholerabbitbackmuscle,(b)nebulinfraction.(1)Amido
black stained nitrocellulose sheets, (2) treated with PcNeb, (3)
treated with Pc1200, (4) treated with Mc3B9, (5) treated with actin.
was extracted at 4◦C for 15 minutes with an equal volume of
the same precipitate in a solution with a ﬁnal concentration
of 0.18M KPO4 (pH 7.0), 0.2mM ATP, 0.1mMMgCl2,
and 0.1mM EGTA, plus 1M urea, which was required for
nebulin extraction (Figure 1(A)-a). The sample was loaded
onto the DEAE-Toyopearl 650M column (1.9 × 18cm)
equilibrated with 0.18M KPO4 (pH 7.0), 0.1M MgCl2,
0.1mM EGTA, and 1M urea, where a large amount of
solubilized myosin and other proteins were not absorbed on
the DEAE-Toyopearl resin (Figure 1(A)-b). Bound proteins
were eluted by a gradient of 1 to 4M urea. Actin and nebulin
were eluted at around 2M (Figure 1(A)-c) and 3M (Figures
1(A)-d and 1(A)-e) urea, respectively. Further elution with
4M urea overnight (0.02-0.03mg/ml) was more eﬀective
at eluting nebulin (Figure 1(A)-f); however, these fractions
contained traces of connectin (also called titin) (Figures
1(A)-e and 1(A)-f). The eluates were dialyzed against 0.18M
KPO4 (pH7.0),0.1mMMgCl2,0.1mMEGT A,and2Mur ea
and then centrifuged for 30 minutes at 12,000 × g. The
supernatant was loaded onto the hydroxylapatite column
equilibrated with the dialysis solution. As connectin was
adsorbedontothecolumn,nebulinalonewasobtainedasthe
ﬂow through fraction (Figure 1(A)-HyAp), but in low yield:
0.03–0.06mg nebulin (from 120g rabbit skeletal muscle).
Immunoblotting clearly showed speciﬁc reaction to
the puriﬁed nebulin fraction using anti-nebulin antibody
(Figure 2(b)-2); no reaction was observed for anti-actin
and anti-connectin antibodies (Figures 2(b)-3, 2(b)-4, and
2(b)-5).
3.2. Modiﬁed Puriﬁcation Method for Nebulin. The protein
yield was too low because our procedure was a pared prepa-
ration of nebulin. Therefore, we modiﬁed the procedure
to improve the overall yield of nebulin. First, the well-
washed myoﬁbrils were extracted with 0.18M KPO4 (pH
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Figure 3: Modiﬁed puriﬁcation of nebulin from rabbit skeletal
muscle by DEAE-Toyopearl column chromatography. A muscle
extract in 0.18M KPO4 (pH 7.0), 0.1mM MgCl2, 0.1mM EGTA,
and 1M urea was loaded to DEAE-Toyopearl column and linear
urea gradient up to 4M was applied. (A) SDS-PAGE patterns of
each fraction of (B), (B) Elution pattern. a, applied sample; b, ﬂow-
throughfraction;c–e,elutedfraction;f,overnightfractionwith4M
urea.
7.0), 0.1mM MgCl2, 0.1mM EGTA, and 1M urea without
the addition of ATP, which resulted in a smaller amount
of extracted myosin (Figure 3(A)-b) than for extraction in
the presence of ATP (Figure 1(A)-b). Consequently, nebulin
was extracted to a larger extent under the same DEAE-
Toyopearl column chromatography conditions described
above. Overnight reelution with 4M urea thus resulted in
a nebulin solution of 1∼1.5mg/ml, although it was slightly
contaminated with actin (Figure 3-f)).
3.3. Electron Microscopy of Isolated Nebulin. Rotary shad-
owing was applied to puriﬁed nebulin samples for visual-
ization of its electron microscopic structure. The nebulin
fraction contaminated with traces of connectin (prior to
hydroxylapatite chromatography, Figures 1(A)-e and 1(A)-
f) showed a number of particles and few entangled ﬁlaments
(data not shown). Upon further puriﬁcation of nebulin, the
entangled ﬁlaments disappeared leaving only small particles
(Figure 4), indicating that the ﬁlaments were contaminated
with connectin molecules, as has been reported previously
[25].
The remaining particles having approximately 20-nm in
diameter were regarded to be nebulin molecules (Figure 4).
The particles had an irregular shape and formed a compact
bundle of actin ﬁlaments, suggesting a densely aggregated
form of the long nebulin molecule. Further application of
centrifugal forces to extend these ﬁlamentous molecules as4 Journal of Biomedicine and Biotechnology
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Figure 4: Rotary shadowed images of puriﬁed nebulin from rabbit
back muscle. (a) typical images of nebulin molecules. (b), enlarged
images of arrow at (a). Bar, 200nm.
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Figure 5: Binding of puriﬁed nebulin and F-actin examined by
cosedimentation. (a) nebulin only, (b) actin only, (c) nebulin +
actin. (S) supernatant after centrifugation, (P) pellet after centrifu-
gation. Nebulin and actin were mixed in 0.11M KPO4, 0.31M urea,
0.27mM ATP, and 0.1mM MgCl2, pH 7.0. Electrophoresis was
performed on a 2–15% polyacrylamide gel.
previously performed for connectin [24–26] failed to change
the particle shape of nebulin.
3.4. Interaction of Actin with Puriﬁed Nebulin. Puriﬁed neb-
ulin was clariﬁed by ultracentrifugation (30min, 56,000 ×
g) and then mixed with G-actin. To polymerize G-actin,
the solution conditions were changed to 0.11M KPO4 (pH
7.0), 0.31M urea, 0.27mM ATP and 0.1mM MgCl2.T h e
concentration of G-actin and nebulin was 0.2mg/ml and
19μg/ml, respectively, giving a 1:188 molar ratio of nebulin
to actin. After 20 hours incubation at 4◦C, the samples
were centrifuged for 30 minutes at 6,000 × g. As shown in
Figure 5, nebulin coprecipitated with actin whereas nebulin
alone did not precipitate; a small amount of actin alone
was also precipitated. Thus, the large bundles of actin
ﬁlaments were formed in the presence of nebulin, which was
veriﬁed by negative-stained electron micrographs (Figure 6).
These bundles were 30∼50μm long and 0.05–0.13μmwi d e ,
containing 10- to 20-nm-diameter patches thought to be the
nebulin particles.
3.5. Binding of Thin Filament Proteins to Puriﬁed Nebulin.
The interaction of nebulin with several actin-binding pro-
teins was examined by far western blot analysis. As shown in
Figure 7, α-actinin and F-actin strongly bound to nebulin. β-
Actinin and tropomodulin weakly bound to nebulin, while
troponin and tropomyosin showed no binding ability.
4. Discussion
Since nebulin is very insoluble in salt, until now it could only
be extracted and puriﬁed in the presence of a detergent such
as SDS [5] .I nt h i ss t u d y ,h o w e v e r ,w ew e r ea b l et oe x t r a c t
nebulin from the skeletal muscle of a rabbit by adding 1M
urea to 0.18M KPO4 (pH 7.0). However, when we removed
all of the urea from this nebulin crude extract solution by
dialysis,thesolubilityofthenebulindeterioratedremarkably,
and most of it precipitated. Therefore, in order to prevent
nebulin from interacting with other proteins and decreasing
itssolubility,wepuriﬁeditbycolumnchromatographyinthe
presence of urea.
We also tried eluting the nebulin from an ion-exchange
columnchromatographyinasaltconcentrationgradient,but
we were unable to remove the contaminants. We therefore,
used a urea concentration gradient for elution. After the
elution in the urea concentration gradient was complete,
we let the nebulin stand for 12 hours and eluted it again.
Consequently, we obtained a high-concentration fraction
o fn e b u l i n .T h er e a s o nw ew e r ea b l et oo b t a i nt h i sh i g h -
concentration fraction of nebulin after the second elution,
not after the ﬁrst elution, might be that the nebulin needed
time to dissociate from the resin in the column chromatog-
raphy since the urea with which the nebulin was eluted
was at a concentration of 4M, the minimum concentration
necessary for the elution. In this study, we were unable to
perform a circular dichroism spectra measurement of the
puriﬁed nebulin because its content was too low. However,
the results of electron microscopic observation and the fact
that nebulin could bind to actin suggested that the puriﬁed
nebulin corresponded at least to a signiﬁcant extent to a
folded state.
Since nebulin is known to exist along thin ﬁlaments
in skeletal muscle sarcomeres, it is thought to have a ﬁla-
mentous molecular shape. However, observation of isolated
nebulin by the rotary shadowing method revealed that its
molecular shape was not ﬁlamentous but a lump with about
20nm in diameter (Figure 4). Both in the nebulin fraction
obtained in the low urea concentration and the nebulin
solution whose urea concentration was reduced by dialysis,
the shape of nebulin was same as the nebulin eluted in 4M
urea. Even when the nebulin was dialyzed in pH 9.0 solution
because the pI of nebulin is 9.3 [1], we did not see any
change in this shape. Furthermore, even though we tried
elongating the nebulin molecules by centrifuging them just
likeconnectin,wewereunabletoseeanychangeinmolecularJournal of Biomedicine and Biotechnology 5
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Figure 6: Negative-stained electron micrographs of actin ﬁlaments under the inﬂuence of puriﬁcation nebulin. (a) nebulin only, 19μg/ml;
(b) actin only, 0.2mg/ml; (c and d) actin (0.2mg/ml) was mixed with nebulin (19μg/ml) in 0.11M KPO4, 0.31M urea, 0.27mM ATP and
0.1mM MgCl2,p H7 . 0 .B a r ,2 0 0n m .
shape. We were also unable to elongate the lump-shaped
molecules even when we used nonionic or amphoteric
detergent. However, when we used the anionic detergent
SDS, the lumped-shape molecules mostly disappeared, and
we observed amorphous images (data not shown). These
results suggest that since nebulin molecules are insoluble
in salt, they become entangled after they are isolated from
skeletal muscle. In contrast, the ﬁlamentous form of nebulin
inskeletalmusclesarcomeresisprobablymaintainedbytheir
interaction with actin.
In this study, a cosedimentation assay revealed that neb-
ulin isolated from skeletal muscle bound to actin (Figure 5).
Other studies have veriﬁed by the ELISA method and by
cosedimentation assays that the protein which is a part of the
nebulin expressed in Escherichia coli bound to actin [6, 27–
32], and the binding results of our study are consistent with
the results of these studies.
Based on the contents of total proteins in muscle in
vivo, it has been calculated that there are 2 molecules of
nebulin per thin ﬁlament [2, 4]. Furthermore, since it has
beenestimatedfromtheprimarystructurethat1moleculeof
actin corresponds to 1 module of nebulin in a thin ﬁlament
[1, 3, 4], human nebulin is calculated to interact with 185
actin molecules. We performed a cosedimentation assay of
nebulin with actin at a ratio based on this calculation, but
not all of the actin precipitated, and only part of it bound to
nebulin (Figure 5). This may have been because only part of
the actin-binding site of nebulin acts on actin.
On the other hand, the assay also showed that actin
ﬁlaments were bundled by nebulin (Figure 6(c)). In 1998,
Gonsior et al. reported that actin ﬁlament bundles were
formed by the mixing of F-actin and proteins of 6 nebulin
modules expressed in E. coli [31]. In our study, the bundles
of actin ﬁlaments formed by the puriﬁed nebulin were6 Journal of Biomedicine and Biotechnology
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Figure 7: Binding of thin ﬁlament proteins to puriﬁed nebulin
by far western blot analysis. Proteins (0.2μg) adsorbed onto
a nitrocellulose membrane were incubated in nebulin reaction
solution (0.18M KPO4,0 . 1m MM g C l 2, 0.1mM EGTA, and 0.5M
urea, pH 7.0) for 20 hours at 4◦C. Amido black: amido black
staining; +nebulin: incubation in nebulin (15μg/ml), −nebulin:
incubation in reaction solution alone.
morphologically similar to these bundles. The fact that the
cosedimentation assay showed binding between nebulin and
actin at a relatively weak centrifugal force also suggests that
actin may be bundled by nebulin.
A widely accepted present day theory about the role of
nebulinisthemolecularrulertheory,whichsaysthatnebulin
regulates the length of thin ﬁlaments. In skeletal muscle sar-
comere,ithasbeenshownthatthebarbed-end(fast-growing
end) of thin ﬁlaments is capped by β-actinin at the Z line,
while the pointed-end (slow-growing end) of the ﬁlaments
is capped by tropomodulin (TMD)[33, 34]. Erythrocyte
tropomodulin (E-TMD) and skeletal muscle tropomodulin
(Sk-TMD) among four tropomodulin isoforms have a
function of length regulation of actin ﬁlaments. However,
McElhinnyetal.haverevealedthatSk-TMDbindstonebulin
with higher aﬃnity than E-TMD does, and suggested that
TMD and nebulin may work together as a linked mechanism
to control thin ﬁlament lengths in skeletal muscle [9]. In
this experiment, even though actin was polymerized in
the presence of puriﬁed nebulin, the lengths of the actin
ﬁlaments were not uniform. This may have been because
actin-capping proteins were not added. In the future, it will
be necessary to add β-actinin and Sk-TMD and investigate
the interactions between puriﬁed nebulin and actin.
α-Actinin is a major component of the Z-line and several
diﬀerent approaches have been used to dissect the set of
interactions made by nebulin within the Z-disk lattice. In
1990, Nave et al. showed that chicken nebulin binds to α-
actinin by far western blot analysis [35], while in 1999,
Moncman and Wang used an ELISA method to show that
the SH3 domain of human nebulin binds to α-actinin [36].
However, this was contradicted in 2000 by Ojima et al.
who used the GST-pull down method to reveal that such
binding does not occur [37]. In 2001, Bang et al. reported
that the SH3 domain of human nebulin binds to the newly
discovered protein myopalladin, and that the orientation of
nebulin to the Z-line is maintained through the binding
of myopalladin to α-actinin [12]. Thus, regarding binding
between α-actinin and nebulin, the contradict results have
been reported. In our study, the results of far-western blot
analysis showed that puriﬁed nebulin binds directly to α-
actinin. Since the C-terminal region of nebulin localizes at
the Z-line in sarcomere, nebulin and α-actinin may bind
directly and the C-terminal region of nebulin is probably
linked to the Z-line.
The N-terminal region of nebulin is known to bind to
TMD which is a pointed end actin-capping protein [9], and
the C-terminal region of nebulin is known to bind to β-
actinin, which is a barbed end actin-capping protein. Our
study showed that puriﬁed nebulin also bound to both TMD
and β-actinin even though the reaction was weak (Figure 7).
The reason that this binding is weak may be that the binding
region of the nebulin molecule is at its terminus and is only
a small portion of the entire molecule. Our study and others
have shown that nebulin binds to actin capping proteins on
both ends of the actinﬁlaments.This resultsupports the idea
that nebulin regulates the length of actin ﬁlaments.
Because nebulin is extremely insoluble in salt, biochemi-
calanalysishasnotyetmadeprogress.Thenovelpuriﬁcation
method described here is likely to support future functional
studies on nebulin since it provides a full-length source of
nebulin peptide that allows to further study its role in thin
ﬁlament assembly and its potential ruler functions.
5. Conclusion
In this study, nebulin was solubilized by 0.18M KPO4 (pH
7.0) solution containing 1M urea and puriﬁed by DEAE-
Toyopearlcolumnchromatographyvia4Mureaelution.The
nebulin molecule took on a lump-like molecular shape, and
we were unable to observe any molecular-ruler function.
However, since the nebulin puriﬁed by the present method
bound to actin and actin-capping proteins (β-actinin and
tropomodulin), this nebulin may have retained some of its
in vivo functions. In the future, it may become important to
perform more detailed investigations of nebulin’s biochemi-
calcharacteristics,suchaswhetherisolatednebulinretainsits
high-order structure. It may also become important to keep
the concentration of urea low when purifying nebulin.
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